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Intermittent androgen deprivation therapy (IADT) is an alternative to continuous androgen deprivation therapy (ADT) in prostate
cancer patients with nonmetastatic disease. ADT is associated with numerous side effects such as hot flashes, sexual dysfunction,
anemia, fatigue, loss of muscle mass, osteoporosis, metabolic syndrome and premature cardiovascular disease. IADT was developed
with the intention of improving the quality of life and to delay progression of prostate cancer to castration resistance. The benefits
of slightly improved quality of life by IADT compared to ADT were demonstrated in multiple clinical trials. IADT was noted to be
noninferior to ADT in patients with biochemical recurrence of prostate cancer but in studies performed in patients with metastatic
prostate cancer, the results were inconclusive. Our recent studies suggested that the administration of 5 alpha-reductase inhibitors
during the off-cycle of IADT can significantly prolong the survival of mice bearing androgen-sensitive prostate tumors when off-cycle
duration was short. This review discusses the survival benefit of 5 alpha-reductase inhibition in IADT in animal models and the

potential translation of this finding into clinic.
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INTRODUCTION
In 2013, there will be an estimated 238 590 new patients with prostate
cancer and 29 720 deaths related to prostate cancer in the United
States.! Thus, prostate cancer is the most frequently diagnosed and
second leading cause of cancer deaths in males in the United States.!
Worldwide 914 000 new cases of prostate cancer were diagnosed in
2008. Even though three-quarters of new patients (659 000) were
detected in developed countries, the number of deaths from prostate
cancer was similar between developed (136 000) and developing
regions (122 000).” Thus, there is an increasing need to improve current
prostate cancer treatments available in the developing world. Although
the prostate cancer incidence rate in China and other Asian countries
is much lower than in Western countries, both incidence and death
rate have been rising rapidly in recent years in China.’ As a result,
prostate cancer research is becoming increasingly important in China.
In their seminal study, published in 1941, Dr. Charles Huggins
and Dr. Clarence Hodges*’ investigated the role of androgens in
prostate cancer. They observed that patients with metastatic prostate
cancer developed remarkable improvements in clinical symptoms
and circulating acid phosphatases (a surrogate biomarker for bony
metastatic disease) in response to orchiectomy (surgical castration)
or diethylstilbestrol (chemical castration).** Nearly 3 decades later in
1971, Andrew Schally and Roger Guillemin®’ discovered the structure
of luteinizing hormone releasing hormone (LHRH) in separate

laboratories. The Leuprolide Study compared leuprolide (1 mg daily
subcutaneously) to diethylsilbesterol (3 mg oral daily) in patients with
metastatic hormone-naive prostate adenocarcinoma. In this study,
leuprolide (an LHRH analogue) was noted to have similar efficacy, but
significant improvement in painful gynecomastia, nausea, vomiting,
edema and thromboembolism compared to diethylsilbesterol.® ADT
using LHRH agonists has remained the mainstay of treatment and
multiple options including long-acting depot preparations and LHRH
antagonists have been developed to achieve chemical castration defined
as a testosterone level of less than 50ngdl™".’ Given the ease of use
and the option to stop, LHRH agonists have largely replaced surgical
orchiectomy for the treatment of metastatic prostate cancer.

In patients with metastatic prostate adenocarcinoma, treatment
with ADT is palliative and most patients eventually develop castrate
resistance defined as disease progression in spite of a total testosterone
level of < 1.7 nmoll™". Newly developed therapies for castrate resistant
metastatic prostate cancer include hormonal agents like enzalutamide
and abiraterone, immunotherapy with sipuleucel-T, cytotoxic
chemotherapy with cabazitaxel and novel radioimmunotherapy using
Radium-223. These approaches can prolong survival of patients with
castrate resistant prostate cancer by a few months to a few years.!*"’
Therefore, it is highly desirable to delay the progression of prostate
cancer to castration resistance. ADT is also known to cause a wide
array of side-effects, including hot flashes, gynecomastia, loss of

Division of Hematology/Oncology, ?Department of Urology, *Department of Pharmacology and Chemical Biology, University of Pittsburgh School of Medicine, Hillman

Cancer Centre, University of Pittsburgh Medical Center, Pittsburgh, Pennsylvania, USA.

Correspondence: Dr. Z Wang (wangz2@upmc.edu)

Received: 30 October 2013; Revised: 17 December 2013; Accepted: 17 December 2013



Improving IADT
RA Parikh et al

libido, erectile dysfunction, metabolic syndrome, weight gain and
potential to develop muscle and bone loss.” In an effort to reduce the
side effects in an endocrine therapy setting, Klotz and colleagues'®
treated 20 symptomatic patients with advanced prostate cancer
using intermittent endocrine therapy using diethylstilbestrol until
clinical improvement was demonstrated and withheld therapy until
symptoms recurred. They observed adequate palliation of symptoms
with improvement in sexual side-effects using intermittent endocrine
therapy.'® Independently, Bruchovsky and colleagues'*** proposed
the mechanism of intermittent androgen deprivation therapy (IADT);
intermittent recovery of androgen levels during IADT could restore
or enhance the apoptotic potential of prostate cancer cells, thereby
delaying the progression to castration resistance. Using the Shionogi
mammary androgen-dependent tumor model, Bruchovsky and
colleagues® showed intermittent exposure to testosterone slowed down
the progression of Shionogi tumor to castration resistance. There have
been multiple Phase II and III trials since the initial development of
TADT.>* These clinical studies have clarified the benefits of IADT in
quality of life. Patients on IADT exhibited fewer hot flashes, improved
sexual function and fewer problems with bone health. Three thousand
and forty men (n = 3040) with metastatic, hormone-sensitive prostate
adenocarcinoma were randomized to receive ADT or IADT. Of the
1535 evaluable patients, 770 were randomly assigned to receive ADT
and 765 patients to receive IADT with a median follow-up of 9.8 years.
Median survival after randomization was 5.8 years for ADT arm
compared to 5.1years for the IADT arm with statistically significant
improvement in erectile dysfunction and mental health in the IADT
arm at 3 months follow-up but not thereafter. There was a 10% relative
increase in the risk of death in the IADT arm, compared to continuous
ADT; however, a 20% increase relative risk of death in the IADT arm
over the ADT arm could not be ruled out with 90% confidence. Thus,
the final results were inconclusive and continuous ADT remains the
standard of care in patients with metastatic hormone naive prostate
cancer.” Interestingly, after randomization to continuous ADT or
TADT it took nearly 5years for the survival curves to separate which
highlights the significance of long term follow-up in these patients.

In contrast, for patients with biochemical recurrence after
primary or salvage radiotherapy for localized prostate cancer, IADT
was noninferior to ADT (median overall survival 8.8 vs 9.1 years,
respectively). IADT was associated with statistically significant
improvements in hot flashes, sexual desire and urinary symptoms
compared to ADT in patients with biochemical recurrence.?® Further
improvement of IADT through basic and translational research
could have significant implications in prostate cancer treatment.
Understanding the mechanisms of androgen activity in the prostate
will provide guidance to potentially improve IADT.

Androgens: a double-edged sword
Androgens play an important role in prostate growth, development and
homeostasis.” In animal studies, androgen deprivation by castration
leads to dramatic prostate regression via apoptosis.®*** On the other
hand, androgen replacement stimulates rapid proliferation and
differentiation of a regressed prostate until it reaches normal size.””
Androgen action in a regressed prostate is very different from that in
a full-grown prostate because androgens do not stimulate proliferation
in a full-grown prostate (Table 1). During the regrowth of a regressed
prostate, androgens induce proliferation transiently and induce and
maintain differentiation.

Androgen action in prostate tumor cells exhibits some
similarities with that in the normal prostate because many of the
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androgen-responsive genes expressed in the normal prostate, such
as prostate-specific antigen (PSA), remain responsive to androgens
in prostate cancer cells.*>* Androgens induce prostate cancer cell
proliferation while stimulating differentiation, which is marked by the
expression of PSA. While androgen-stimulated proliferation of prostate
cancer cells is not desirable, androgen-stimulated differentiation of
prostate cancer cells is likely beneficial to patients. Androgen-induced
differentiation of prostate cancer cells is likely associated with increased
apoptotic potential.*> Novel approaches capable of specifically
suppressing androgen-induced proliferation but not differentiation
in prostate cancer cells may potentially inhibit prostate tumor growth
and progression.

Differential actions of testosterone versus dihydrotestosterone (DHT)
Testosterone and DHT are the two major biologically active androgens
in animals.’*~7 Testosterone is synthesized in the testes and then
transported to target organs via blood circulation. Testosterone
can be converted to DHT in target organs such as the prostate by 5
alpha-reductase.” DHT is more potent than testosterone in activating
promoters containing androgen-responsive elements in cell-based
transfection assays*** and the conversion of testosterone to DHT is
necessary for normal prostate development because 5 alpha-reductase
inactivation prevents normal prostate development.*"** It was thought
that the conversion was merely an amplification step for androgen
action. However, this seems to be an oversimplification, as suggested
by recent findings from our lab and other investigators.**-*¢

An unexpected finding in our previous study was that
testosterone was more potent than DHT in induction of a subset of
androgen-responsive genes during regrowth of regressed prostate.**
Type II 5 alpha-reductase inhibitor, finasteride enhanced the
expression of growth-inhibitory androgen-responsive genes during
testosterone-stimulated regrowth of the regressed prostate and not
in the full-grown prostate. This observation seemed counterintuitive
because DHT is more potent than testosterone in activating the
androgen receptor. The exact mechanism by which testosterone is more
potent than DHT in inducing the expression of androgen-responsive
genes in the regressed prostate is under evaluation. This phenomenon
was only observed in the regressed prostate, but not in the
full-grown prostate.** Blocking testosterone conversion to DHT by
finasteride inhibited the expression of androgen-responsive genes
in the full-grown prostate. The above observations suggest that the
mechanisms of androgen action in the regressed prostate are different
from that in the intact prostate.

The elevated expression of androgen-responsive genes by finasteride
was associated with inhibition of prostate regrowth upon testosterone
replacement.* We were originally puzzled by this observation.
However, this puzzle is partly resolved by functional studies of
various androgen-responsive genes including EAF2/U19, calreticulin
and adrenomedullin that demonstrated their inhibition of prostate
cancer cell proliferation in vitro.” > Among these growth-suppressive
androgen-responsive genes, EAF2/U19is particularly potent. Transfected

Table 1: Response of regressed prostate and full-grown prostate to
androgen manipulation

Androgen Regressed prostate Full-grown prostate

+ Proliferation and differentiation No significant change

- No significant change Apoptosis and dedifferentiation

‘+" and ‘-’ represent androgen replacement and androgen deprivation, respectively.
Differentiation is defined by prostate-specific gene expression. Dedifferentiation is defined
as loss of the expression of prostate-specific markers



expression of EAF2/U19 induced apoptosis in cultured cells and
suppressed xenograft tumor growth in nude mice.* Furthermore, EAF2/
U19 knockout mice had increased prostate epithelial cell proliferation
and developed high-grade prostatic intraepithelial neoplasia, which
further supports a tumor suppressive role of EAF2/U19."

The effect of blocking testosterone to DHT conversion in IADT off-cycle
Androgen-sensitive tumors may mimic androgen-responsiveness of the
normal prostate. Based on this assumption, we predicted that blocking
testosterone to DHT conversion should also enhance the induction of
androgen-responsive genes by testosterone during regrowth of regressed
prostate tumors. Indeed, our studies demonstrated that finasteride
enhanced the expression of androgen-responsive genes, particularly
the tumor suppressive androgen-responsive gene EAF2/U19 during
the initial regrowth of the regressed prostate tumor in the LNCaP
xenograft tumor model.*> The enhancement of EAF2/U19 expression
by finasteride was approximately two-fold and statistically significant.
Similar results were observed when a dual (Type I and II) 5-alpha
reductase inhibitor, dutasteride was used.” The increased expression of
EAF2/U19 expression by finasteride or dutasteride was only observed
during the initial regrowth of LNCaP tumor, and no enhancement of
EAF2/U19 mRNA level by finasteride or dutasteride was observed at
day 14 after the testosterone replacement in castrated animals.>
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The elevated expression of tumor suppressive genes such as
EAF2/U19 during the initial tumor regrowth by 5 alpha-reductase
inhibitors can be potentially translated into the improvement of
IADT. JADT involves tumor regression and regrowth, which provides
an opportunity for applying 5 alpha-reductase inhibitors during
tumor regrowth in the off-cycle. Our objective was to test whether
administration of 5 alpha-reductase inhibitors during the off-cycle
can improve the efficacy of IADT leading to survival benefits in the
animal models. We tested this hypothesis in LNCaP xenograft tumors
because LNCaP is a widely used androgen-sensitive prostate tumor
model.* In our studies, LNCaP cells were subcutaneously injected
into nude mice. When the tumor volume reached ~0.5ml, animals
were castrated and randomized to four different groups: (i) continuous
androgen deprivation (ADT), (ii) ADT plus finasteride (ADT + F), (iii)
IADT (testosterone implantation after 10-14 days) and (iv) IADT plus
finasteride (IADT + F) (Figure 1).* Testosterone implantation in
groups 3 and 4 mimics the intermittent recovery of testicular function
during the ‘off-cycle’ of IADT. After one cycle of treatment, mice treated
with IADT + F displayed significantly less tumor growth as compared
to the other treatment group. Most importantly, mice treated with
IADT + F had the longest survival and the difference was statistically
significant.® One key question is whether the prolonged survival of
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Figure 1: (a) Treatment strategy of LNCaP xenograft tumor in nude mice. After the tumor establishment, animals were castrated and tumors are allowed to
regress for 10-14 days, which was considered as the ‘on-cycle’ of androgen ablation during intermittent androgen deprivation (IADT). The animals were
then implanted with no pellet, testosterone (T) pellet, finasteride (F) pellet or both T and F pellets for 14 days or longer. Testosterone implantation mimics
intermittent recovery of testicular function during the ‘off-cycle’ of IADT. Controls were continuous androgen deprivation (ADT) in the absence or presence
of finasteride. (h) Kaplan-Meier survival curve of indicated treatment groups. Euthanasia was performed if tumor diameter > 2.0cm, tumor ulceration or

tumor-related morbidity. *P < 0.05. From Eggener et al.%®
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animals by 5 alpha-reductase inhibitor during the off-cycle of IADT
can be translated into clinical improvement in human patients.

We recognized in the above preclinical animal model, the off-cycle
duration in IADT was fixed, which is different from the real world
scenario. For prostate cancer patients on IADT, the switch from
off-cycle to on-cycle is determined based on the serum PSA value,
which is determined by the tumor volume and PSA expression level
within the tumor. To mimic IADT in a clinical setting, we conducted
IADT in the animal model using a predetermined tumor volume
as the trigger for switch from the off-cycle to on-cycle.® Because 5
alpha-reductase inhibitor could reduce tumor growth rate, the off-cycle
duration was prolonged in the presence of finasteride. In the LNCaP
model, we observed a two-fold prolongation of oft-cycle duration.
However, the 5 alpha-reductase inhibition did not result in a survival
benefit to animals on IADT when off-cycle duration was not fixed and
prolongation was allowed.*

A retrospective analysis of clinical trials showed that finasteride
treatment during the off-cycle in IADT prolonged off-cycle
duration (31 vs 15 months) when compared to the control IADT arm
without finasteride.”” In the clinical setting, the switch from off-cycle
to on-cycle was determined based on serum-based PSA value. The
two-fold increase in off-cycle duration by finasteride in patients on
IADT is likely due to the possibility that 5 alpha-reductase inhibitor
could reduce tumor growth and also can inhibit the expression of PSA.
However, the two-fold increase in off-cycle duration by finasteride
administration did not translate into survival benefit for patients on
IADT.”” The above clinical trial results are similar to our preclinical
study of IADT using a predetermined tumor volume as a trigger for
switching off-cycle to on-cycle, which showed that finasteride also led
to a two-fold increase in off-cycle duration without survival benefits
for the animals.*® The finasteride effect on IADT in human patients
and the animal model were very similar when off-cycle prolongation
was allowed. One temptation is to speculate that the finasteride effect
on IADT between human patients and the animal model should also
be very similar when off-cycle was fixed and not prolonged. If this is
the case, 5 alpha-reductase inhibitor should also prolong the survival
of prostate cancer patients on IADT when the off-cycle duration is
not prolonged. A randomized clinical trial can address this important
question.

We were intrigued by the observation that 5 alpha-reductase
inhibition plus IADT resulted in survival benefits only when the
off-cycle duration was fixed and prolongation was not permitted.>>*
To explore the mechanism underlying this interesting and
clinically relevant phenomenon, we compared the growth curve of
testosterone-stimulated regrowth of regressed prostate tumors in the
absence or presence of 5 alpha-reductase inhibitors. We observed that
finasteride or dutasteride caused an initial inhibition of regrowth and
then the tumors resume growth at the same rate as that of the control
group as measured by tumor volume (Figure 2). The initial regrowth
inhibition by 5 alpha-reductase inhibitor was confirmed by reduced
Ki-67 staining and BrdU incorporation assay.” Both assays showed a
statistically significant inhibition (~10-fold) of proliferation index by 5
alpha-reductase inhibitors during the initial phase of regrowth, but not
after prolonged exposure to testosterone. A control experiment showed
that finasteride or dutasteride inhibition of testosterone-induced initial
regrowth of prostate xenograft tumor was not inhibited by letrozole, a
potent inhibitor of aromatase, an enzyme that converts testosterone to
estradiol. Thus, the inhibition of initial regrowth by 5 alpha-reductase
inhibitors was unlikely mediated through the conversion of testosterone
to estrogen when testosterone conversion to DHT was blocked.
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Inhibition of the initial regrowth of prostate cancer by 5
alpha-reductase inhibitor during the off-cycle also occurred in
patients. In a Phase II clinical trial led by Dr. Daniel Shevrin,*®
dutasteride significantly inhibited Ki-67 index during the initial phase
of regrowth of regressed prostate cancer. It is important to point out
that dutasteride did not inhibit Ki67 index in human prostate cancers
naive to androgen manipulation.” According to our knowledge, this
is the first demonstration of dutasteride inhibition of proliferation
in prostate cancer, which occurred only in the initial phase of tumor
regrowth during the off-cycles. IADT created a window of opportunity,
which is the initial phase of the off-cycle, for finasteride or dutasteride
to inhibit prostate tumor regrowth.

Based on our studies, we propose that testosterone and DHT
can function very differently during the initial phase regrowth of
regressed prostate tumor (Figure 3a). DHT stimulates proliferation and
differentiation in the regressed prostate tumor. In contrast, testosterone
can stimulate differentiation, as marked by PSA expression, but not
proliferation during the initial phase of prostate tumor regrowth.
Once prostate cancer cells have differentiated, they may respond
to testosterone by undergoing proliferation. This model provides a
potential mechanism to explain the phenomenon that the survival
benefit was lost when off-cycle prolongation was allowed in the
preclinical animal model. The prolonged stimulation of testosterone in
the presence of finasteride or dutasteride can also effectively stimulate
prostate cancer proliferation (Figure 3b). In contrast, when off-cycle
prolongation is not permitted, testosterone can stimulate prostate
cancer cell differentiation with minimal proliferation during the initial
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Figure 2: Response of LuCaP35 and LNCaP xenograft tumors to 5
alpha-reductase inhibitors—dutasteride and finasteride. (a) Effect of
dutasteride on LuCaP35 tumor volume. Tumor volume in castrated
animals with testosterone replacement (C + T) and animals treated with
dutasteride (C + T + D) were determined at the indicated time points. (b) Effect
of finasteride on LNCaP tumor volume. Tumor volume in castrated animals with
testosterone replacement (C + T) and in castrated animals with testosterone
replacement along with finasteride (C + T + F) at indicated time points were
plotted. Tumor volume (%) was determined as the percentage of the tumor
volume at the time of implantation of T, D and/or F pellets. *P < 0.05 and
**P < 0.01, respectively. From Masoodi et al.>®



DHT: Proliferation &
differentiation concurrently

. Castration (ADT)
e = 2SI
Regressed Androgen
PCa conditioned PCa
Testosterone (T): Differentiation
E followed by proliferation

Ki67 4

PSA(—)or T (-)

Dutasteride

PSA(=)or T (-)

Dutasteride Dutasteride

Figure 3: (a) Model for differential effect of testosterone and DHT on prostate
tumor regrowth. Differentiation is defined as the expression of prostate-specific
markers such as prostate-specific antigen (PSA). Proliferation was measured
by Ki-67 staining or BrdU incorporation. (b) The effect of dutasteride on
intermittent androgen deprivation therapy (IADT) when off-cycle prolongation
was allowed. (¢) The effect of dutasteride on IADT when off-cycle prolongation
was not allowed. In panels (b) and (c), dotted red lines indicate low Ki-67 index
as compared to the solid red line. The expected serum testosterone (T) and
PSA levels are indicated in the diagram. Androgen deprivation occurs in the
on-cycle (On) and testicular function is allowed to recover in the off-cycle (Off).

tumor regrowth (Figure 3c), which may be the underlying mechanism
for finasteride or dutasteride to prolong the survival when the off-cycle
duration is short in IADT.

FUTURE PERSPECTIVE

Our basic and translational research led to a testable hypothesis
that 5 alpha-reductase inhibition during the off-cycle of IADT
can prolong the survival of patients when the off-cycle duration
is short. Since we observed a significant inhibition of Ki-67 index
during the initial phase of off-cycle by dutasteride in prostate
cancer patients in a Phase II clinical study, the observation of Ki-67
inhibition by finasteride or dutasteride during the initial off-cycle
in the animal model is clinically relevant. A challenge of using
finasteride or dutasteride in patients on IADT is to establish a new
trigger for the switch from the off-cycle to the on-cycle in IADT
because using serum PSA value as a trigger can result in a two fold
increase in the off-cycle duration, which is not desirable. We suggest
that a predetermined serum testosterone level could be used as a
trigger for switching from the off-cycle to the on-cycle. However,
testosterone levels may vary from patient-to-patient, which could be
an issue, as some patients have particularly low testosterone levels
and/or slow recovery of testosterone. Theoretically, endogenous
and exogenous testosterone are identical, and a brief period of
exogenous testosterone administration together with dutasteride
could be utilized to stimulate prostate cancer cell differentiation
without stimulating proliferation in the off-cycle. Since the effects
of exogenous testosterone administration in prostate cancer patients
are not well studied and can potentially have deleterious effects,
clinical trials will be required to determine the potential benefits
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and risks of exogenous testosterone treatment. Obviously, we will
need to learn more about the molecular mechanisms underlying
testosterone versus DHT action in IADT before we can explore the
use of exogenous testosterone.

Newer therapeutic agents like enzalutamide and abiraterone are
being developed for use very early in the disease. One possibility
may be to also incorporate enzalutamide or abiraterone in IADT,
with enzalutamide or abiraterone being used in the on-cycle and
dutasteride in the off-cycle. If finasteride or dutasteride can improve
the efficacy of IADT, the impact will be very significant because of
longer survival; improved quality of life; and reduced cost due to less
usage of LHRH agonists, enzalutamide and/or abiraterone. We hope
this review article can stimulate further discussion on the potential
improvement of IADT by 5 alpha-reductase inhibition and eventually
lead to a clinical trial to determine if finasteride or dutasteride can
prolong the survival of prostate cancer patients on IADT when short
off-cycle durations are used.
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